ABSTRACT Orb-weaving spiders modulate their web-building behavior in response to changes in their situation (internal or external state), and this capacity is expected to directly inßuence Þtness. To understand the rules underlying the investment devoted to web construction, we need to quantify precisely the costs and beneÞts associated with web-building behavior. The sticky silk (capture spiral) is costly to produce and to set up and is a limiting factor in web building. Thus, it would be useful to have an efÞcient formula to calculate the total capture thread length (CTL) produced, which reßects the investment devoted to foraging activities. On the basis of web photographs we tested nine formulae on webs built by three spider species: Zygiella x-notata (Clerck), Araneus diadematus Clerck, and Larinioides sclopetarius (Clerck). We compared the calculated lengths with lengths directly measured from photographs. We showed that the most efÞcient formula (CTLvh) involved data recorded along both the horizontal and vertical axes. Because of its accuracy for all species tested, together with its ease of use in the Þeld, this formula represents a useful tool for behavioral ecology studies on spiders.
ACCORDING TO EVOLUTIONARY perspective, any animal should behave to maximize its Þtness. Economic optimality models, based on costs and beneÞts of behavior, have been developed to test this hypothesis (Mangel and Clark 1988 , Krebs and Davies 1993 , Houston and McNamara 1999 . Thus, to compare the predictions of these models with the biological data (collected in the Þeld or in the laboratory), it is necessary to quantify these costs and beneÞts precisely.
Studies on spiders are becoming widespread in a behavioral ecology context. In many species, energetic gains of adult females have been shown to inßuence growth rates, time of egg laying, and number or size of the eggs (Fritz and Morse 1985 , Vollrath 1987a , Morse 1988 , Spiller 1992 , Uetz 1992 . Thus, foraging decisions should affect their lifetime reproductive success. For any web-building spider, the trap is necessary to catch prey to gain energy. Spiders have the ability to modify their web-building behavior in the short-term both as a function of their recent experience Herberstein 1999, Venner et al. 2000) , in response to changes in their situation (internal state) (Witt et al. 1968; Eberhard 1986b Eberhard , 1988 Vollrath 1987b; Higgins 1990; Vollrath et al. 1997; Herberstein 1998, Nakata and Ushimaru 1999) and environmental conditions (Hieber 1984 , Gillespie 1987 , Leborgne and Pasquet 1987 , Henschel and Lubin 1992 , Pasquet et al. 1994 , Vollrath et al. 1997 , Schneider and Vollrath 1998 . According to optimal foraging theory, a spider should adjust its construction to maximize its Þtness. Some authors have begun to search for the rules underlying successive building events (Higgins 1990 , Sherman 1994 , Lubin and Henschel 1996 , Vollrath and Samu 1997 , Pasquet et al. 1999 . To understand the relationships between webbuilding behavior and lifetime reproductive success, we need to estimate the risks (predation or parasitism), energetic beneÞts (prey caught), and energetic costs (silk production and locomotor activity) associated with web-building behavior.
Risks of predation or parasitism, together with energetic gain (capture rate, type and size of prey), can be directly determined in the Þeld. However, energetic costs associated with web building (amount of silk produced and energy necessary to set up the silk) are more difÞcult to determine. Ideally they could be estimated by O 2 consumption rate (Peakall and Witt 1976 , Prestwich 1977 , Tanaka 1989 or by weight loss associated with building activity. However, these two methods are not practical for use in the Þeld. Our aim was to provide an accurate and simple method to determine these costs among orb-weaving spiders.
When orb-weaving spiders undertake to build a new trap, they completely renew their web. Thus, the length of silk may reßect energetic cost, including silk production and locomotor activity. This measurement can be obtained by using characteristics of the trap (e.g., diameter, number of spiral turns) which are easy to quantify. The amount of sticky silk available could be a limiting factor in web building (Eberhard 1988 , Vollrath et al. 1997 ). This silk is the most relevant part of the web with respect to prey capture and is costly to produce and set up (Eberhard 1986a) . Thus, we focused on the amount of sticky silk used to estimate spidersÕ investment into web building. A completely precise method, using both cross sectional area and length of the capture thread, would greatly disturbing to spiders: to estimate diameter of this thread, the web must be collected, dehydrated, and measured with an electron microscope. Thus, in accordance with , we researched a non-invasive method for the spider and its webs. It appears that only estimating the capture thread length (CTL) is the best way, although it provides an indirect and approximate measure of the cost of web building. Direct measurements of CTL are not easy to make in the Þeld. The most accurate method to estimate this length is to measure the CTL on a picture of the web. However, particular conditions are necessary to obtain such pictures in the Þeld (black background, artiÞcial lighting, spraying water to display the web). These conditions cannot be established without disturbing the spiders, and therefore prevent the study of successive building events by a given individual. These conditions restrict the choice of web that can be used and entail a sampling error in the population studied. Thus, pictures are not always a suitable means to study behavioral ecology of spiders. Another possibility consists of directly measuring different parameters of the web and calculating the CTL. Here, we searched for the best method using three criteria: precision of CTL estimation, easy use, and multispeciÞc validity.
To calculate the CTL, some formulae have already been proposed (Witt et al. 1968 , Sherman 1994 . tested and compared the efÞciency of three of them on the web of one species Larinioides sclopetarius (Clerck). We tested nine different formulae in three orb-weaving spiders to Þnd the most efÞcient one.
Materials and Methods
We tested the validity of the different formulae using webs of three orb-weaving spider species: Zygiella x-notata (Clerck), Araneus diadematus Clerck, and L. sclopetarius. For each species, 10 webs built by adult females were photographed using a high-contrast black and white Þlm and a black tissue as a background. Pictures of the large webs of A. diadematus were taken in the Þeld, whereas those of Z. x-notata and L. sclopetarius were taken in the laboratory.
According to spider species, orb webs are more or less elliptic and mesh size may vary depending on its distance from the hub. From the photographs, we studied the following for each species: (1) the general shape of the web (circular versus elliptic) comparing horizontal and vertical diameters, and computing their ratio (RD), and (2) the mesh size variation (constant mesh versus variable mesh) differentiating the upper, lower, left and right regions into two sections of equal length ( Fig. 1 ) and comparing number of spiral turns in the outermost and innermost half capture area, and computing the ratio (RNS) of these numbers of spiral turns.
According to these two characteristics, to estimate the CTL we tested formulae that took into account, separately or simultaneously, orb size in different directions of the web (horizontal, vertical, diagonal axes) and mesh size variations. Various web parameters were measured (diameter, radii, number of spiral turn) (Fig. 1) . To estimate the performance of each formula, we compared their results to the CTL directly measured (CTLm) on each picture. Direct measurements were made, sector by sector, with an electronic digital caliper rule (precision: 0.1 mm). We tested the efÞciency of nine formulae. We compared the estimation of CTL given by three formulae found in the literature (Witt et al. 1968 , Sherman 1994 and by six new ones we created (Table 1) . Formulae taking into account variations in mesh size were considered apart from the others.
Requirements for the Different Formulae. Constant Mesh Size. For the four formulae, CTLv, CTLh, CTLvh, CTLvhd (Table 1) , we assumed that the spiral was equivalent to N concentric circles. Thus, CTL could be estimated as the sum of the perimeter length of N circles of medium diameter D:
where N and D corresponded, respectively, to the average number of spiral turns counted and to the average distance between the innermost diameter (corresponding to the free zone around the hub without spiral turns) and the outermost web diameter measured (from one outermost spiral to the opposite outermost spiral). CTLv, CTLh and CTLvh formulae need, respectively, data collected along the vertical axis only (v), along the horizontal axis only (h), or along both axes (vh). For the CTLvhd formula, in addition, we recorded the number of spiral turns and the outermost diameter along the two 45Њ diagonal (d) axes (Table 1) .
Variable Mesh Size. We took into account mesh size variation from the central zone to the periphery of the web. Among three formulae, one was developed by Heiling et al. (1998) (CTLvm) (Table 1) , the other ones are new (CTLhm and CTLvhm) and were derived from the previous one.
To test the CTLvm formula, we collected data along the vertical axis of the web by differentiating the upper and lower regions into two sections of equal length (Fig. 1) . We measured the innermost (Ri) and the outermost (Ro) radii and we calculated the median radii
We counted the number of spiral turns in the innermost part (Ni, between the innermost and the median radius in the upper and lower half web) and in the outermost part of the trap (No, between the median and the outermost radius). We developed the CTLhm formula using only the horizontal axis of the web and differentiating the left and right part into two sections of equal length. The CTLvhm formula involved the horizontal and vertical axes (Table 1) .
Formulae from Sherman (1994) and Witt et al. (1968) . We used the original formulae selecting the portion that dealt only with the length of the thread, not with the length of the radii. For ShermanÕs formula (CTLsherman) (Table 1), the length was computed using the same parameters as the CTLvhd formula. However, the CTL was estimated here by computing the difference between the average of the outermost diameters and the average of the innermost diameters. For WittÕs formula (CTLwitt), CTL was estimated using the average of the innermost and outermost diameters measured along the horizontal and vertical axes, but we used only the number of spiral turns counted in the lower part (Nlo) along the vertical axis (Table 1) .
Free Sector in the Web of Z. x-notata. In this species, the web often has a free sector without any spiral turns (Fig. 1B) . To be more precise in the various CTL formulae, we must remove the thread length of this sector. This was done by measuring the base (B) and the height (H) of the triangle corresponding to the free sector, the ratio (a) of the length of the missing capture thread (free sector) to the CTL, if the spiral was complete, was considered the same as the ratio of the free sector area to the total area. So, if
where D o.v and D o.h correspond to the vertical and horizontal outermost diameters, then each formula could be adjusted by introducing the (1-a) corrective factor (Table 1) .
Data Analysis. First, we combined data from three spider species to evaluate the overall validity of each formula. We compared calculated and measured CTLs, and the accuracy of the different formulae to estimate CTL. To do this, we tested the difference between the absolute value of the error percentage of the CTL estimation
Second, for each spider species, we described web structure by means of ratios RD and RNS and compared the accuracy of the formulae to get the best method according to species-speciÞc web characteristics. For all of these comparisons, we used nonparametric Friedman and Wilcoxon tests (Sokal and Rohlf 1995) .
Results
Analysis of data from three species. Overall, the measured CTL (N ϭ 30, mean Ϯ SE ϭ 842 Ϯ 53 cm) and those calculated with the nine formulae differed signiÞcantly (Table 2 : Friedman: n ϭ 26; 2 ϭ 166.15, df ϭ 9, P Ͻ 0.01) and the CTL estimation accuracy differed among these formulae (Friedman: n ϭ 26; 2 ϭ 133.9; d.f. ϭ 8; P Ͻ 0.01).
The three formulae estimated CTL most precisely were CTLvh, CTLvhd, and CTLvhm. All of these took into account parameters recorded along both vertical and horizontal axes of the web (Table 2) . Their CTL estimation accuracy did not differ signiÞcantly (Friedman: n ϭ 26; 2 ϭ 0.31, df ϭ 2, P ϭ 0.86) and CTLvh and CTLvhd did not differ signiÞcantly from the mea- 
CTL, capture thread length. The sufÞx v, h, and d (d1 and d2) designate, respectively, vertical, horizontal, and two diagonal directions used to calculate CTL; m in the CTL appellation means that we take into account the variation of the mesh size. o and i mean the outermost and innermost part of the web, respectively. Do and Di are the outermost and innermost diameters and Ro, Ri, and Rm, the outermost, innermost and median radii, respectively. N is the number of spiral turns. up, lo, le, and ri are, respectively, the upper, lower, left, and right web halves. a is the correction factor used to consider the free sector of the Z. x-notata web; for the other species a ϭ 0.
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sured length (CTL) (Wilcoxon: CTLvh: n ϭ 30; z ϭ Ϫ0.95, P ϭ 0.34; CTLvhd: n ϭ 26; z ϭ Ϫ0.46, P ϭ 0.58). However, the formula that took into account mesh size variation (CTLvhm) slightly overestimated the CTL (Wilcoxon: n ϭ 30; z ϭ Ϫ3.55, P Ͻ 0.01). Formulae that used data recorded along the horizontal direction only (CTLhm and CTLh) signiÞ-cantly underestimated CTL (Table 2 ; Wilcoxon: n ϭ 30; CTLhm: z ϭ Ϫ3.55, P Ͻ 0.01; CTLh: z ϭ Ϫ3.88, P Ͻ 0.01), whereas those that took into account the vertical direction only (CTLv et CTLvm) signiÞcantly overestimated it (Table 2 ; Wilcoxon: CTLv: n ϭ 30; z ϭ Ϫ4.04, P Ͻ 0.01; CTLvm: z ϭ Ϫ4.66, P Ͻ 0.01). The two formulae that estimated CTL with the greatest error corresponded to those of Sherman and Witt that, respectively, underestimated and overestimated the CTL (Wilcoxon: CTLsherman: n ϭ 26; z ϭ Ϫ4.46, P Ͻ 0.01; CTLwitt: n ϭ 30; z ϭ Ϫ4.78, P Ͻ 0.01). Because of these great errors, we excluded both formulae from subsequent analyses.
Analysis of Species-Specific Data. Web characteristics of the three spider species. Webs of Z. x-notata were elliptic with a constant mesh size (Table 3) . Vertical diameter was signiÞcantly greater than the horizontal one (Wilcoxon: n ϭ 10; z ϭ Ϫ2.70, P Ͻ 0.01). There was no signiÞcant difference between the number of spiral turns counted in the innermost and outermost part of the trap (n ϭ; z ϭ Ϫ1.65, P ϭ 0.10). Webs of A. diadematus were elliptic (Table 3 ; N ϭ 10; z ϭ Ϫ2.80, P Ͻ 0.01) with mesh size smaller in the innermost part than in the half outermost part (Table   3 ; n ϭ 10; z ϭ Ϫ2.70, P Ͻ 0.01). The webs of N. sclopetarius were circular (Table 3 ; n ϭ 10; z ϭ Ϫ0.51, P ϭ 0.61) with smaller mesh size in the innermost than in the outermost part of the trap (Table 3 ; n ϭ 10; z ϭ Ϫ2.50, P Ͻ 0.01).
Accuracy of the Formulae. The accuracy of the seven remaining formulae did not differ from one another with webs built by L. sclopetarius (Table 2 ; Friedman: n ϭ 10; 2 ϭ 11.1, df ϭ 6, P ϭ 0.08). By contrast the formulae proved to be unequally accurate to estimate the webs built by Z. x-notata (Table 2 ; Friedman: N ϭ 6; 2 ϭ 41.3, df ϭ 6, P Ͻ 0.01) and A. diadematus (Table 2 ; Friedman: N ϭ 10; 2 ϭ 35.8, df ϭ 6, P Ͻ 0.01).
For Z. x-notata, the formula involving the data collected along vertical and horizontal directions (CTLvh, Table 2) provided the minimal error value. The inclusion of the two diagonal parameters in the formula (CTLvhd) did not improve the precision (Wilcoxon: n ϭ 6; z ϭ Ϫ0.84, P ϭ 0.40). The CTLvh formula was more accurate than the formula CTLvhm taking into account mesh size variation (Wilcoxon: n ϭ 10; z ϭ Ϫ2.80, P Ͻ 0.01). The remaining formulae, using either the horizontal (CTLh, CTLhm) or the vertical direction (CTLv, CTLvm), estimated CTL with a greater error ( Table 2) .
For A. diadematus webs, the most accurate formula required parameters recorded along the vertical and horizontal axes, and took into account the variation in mesh size (CTLvhm). However, the Þve formulae (CTLvh, CTLvhd, CTLvhm, CTLhm, CTLh) did not show any statistical difference in their accuracy (Table 2; Friedman: N ϭ 10; 2 ϭ 7.9, df ϭ 4, P ϭ 0.09). Both formulae using the vertical direction only (CTLvm, CTLv) overestimated CTL (Table 2) .
Discussion
To assess the cost of web-building behavior in orbweaving spiders, we tested nine formulae to estimate the CTL. For the three species studied, the two formulae derived from those developed by Witt et al. (1968) and by Sherman (1994) were imprecise (error: 40%). The seven other formulae provided a better RD, ratio of the horizontal to the vertical diameters; RNS, ratio of the number of spiral turns counted in the outermost half web along the horizontal and the vertical direction to those counted in the innermost half web. lQ and uQ, lower and upper quartile. estimation of CTL even if their relative efÞciency depended on the species studied. Each trap has speciÞc features (Table 3) , therefore we will discuss the efÞciency of the different formulae according to web parameters (mesh size and shape of the web).
In WittÕs formula, the number of spiral turns was counted only in the lower part of the trap and this was presumed to estimate the number of concentric circles. These counts were used to estimate CTL. However, orb webs are often asymmetrical and more expanded in the lower than the upper part (Vollrath 1992 . Thus, in the three species studied, these formulae led to an overestimation of the number of circles and consequently to an overestimation of CTL. In ShermanÕs formula, it was necessary to determine the average diameter of the concentric circles in the web to estimate this parameter. Sherman did not add the outermost and innermost diameters but calculated their difference, which considerably underestimated CTL.
Among orb-weaving spiders, an increase in mesh size with distance from the hub of the web is often observed (Nentwig 1983 , Vollrath 1987b . developed a formula (here called CTLvm) that took this variation into account but they measured mesh size along the vertical axis only. They tested their formula on webs built by L. sclopetarius. Because their formula estimated CTL more precisely and was much more accurate than ShermanÕs formula, concluded that variations in mesh size must be integrated into the formula. These variations are difÞcult to record in the Þeld for three main reasons: (1) intermediate calculations (median radii length) have to be performed during data recording to run three formulae (CTLvm, CTLhm, CTLvhm); (2) the median radii must be precisely located on the web to count the spiral turns on each side, and this proves difÞcult (e.g., small mesh size, windy conditions); (3) overall, formulae considering mesh size variation (CTLvm, CTLhm, CTLvhm) require, respectively, three to four times the number of measurements and counting parameters than the others (CTLv, CTLh, CTLvh; Table 1 ). In our study, webs built by L. sclopetarius also had variable mesh size. However, we could not Þnd any difference among CTL estimates of any formulae whether or not variations in the mesh size were considered (CTLvm, CTLhm, CTLvhm, CTLv, CTLh, CTLvh) . Furthermore, when we tested HeilingÕs formula on A. diadematus webs, which have a variable mesh size like L. sclopetarius, we found that it overestimated CTL. Finally, the two other formulae that integrated mesh size variation (CTLvhm, CTLhm) were not more precise than those without mesh size variation (CTLvh, CTLvhd, CTLh). Because mesh size variation did not improve CTL estimation, we discarded it.
In the study, data were recorded along the vertical axis (CTLvm) and it was enough to precisely estimate the CTL of L. sclopetarius webs. In our study, for this species, we showed that the formula using either only the vertical (CTLv) or the horizontal (CTLh) axis had the same accuracy as the formula using both directions (CTLvh). Using only one direction involved fewer parameters (two measurements and one count instead of four measurements and two counts) and is more economical for the researchers. However, webs of L. sclopetarius can closely approximate a circular shape, whereas other orb-weaving spiders usually build elliptic webs (such as Z. x-notata and A. diadematus). We showed that the formulae using only horizontal (CTLh) or vertical (CTLv) axes under-and overestimated, respectively, the CTL of Z. x-notata and A. diadematus webs. To estimate precisely CTL for elliptic webs, we need to use both the vertical and the horizontal directions. In natural situations, like in laboratory, web characteristics have a high inter-and intra-individual variability (Sherman 1994, Vollrath and Samu 1997) , and even for a species like L. sclopetarius, which builds "circular webs," the shape may deviate more or less from a circle. Removing one of the parameters recorded either along the vertical or horizontal axis could increase the residual variability of the CTL estimation, thus skewing any comparison. We showed it was not worth taking into account the two diagonal axes, in addition to horizontal and vertical axes (CTLvhd), because it involved more counts and measurements than the CTLvh formula for the same precision.
The formula (CTLvh) that only uses data recorded on the horizontal and vertical axes, without taking into account mesh size variation, seems to be the most efÞcient in estimating CTL relative to the three criteria: precision of the estimation, ease of use, and multispeciÞc validity. It needs four measurements, two counts, and no calculation during data sampling. These parameters could be easily and quickly recorded in the Þeld or in the laboratory, and CTL estimation was accurate for the three spider species tested despite species-speciÞc differences in web structure. This method provides a useful tool for behavioral ecology studies of spiders and all studies that need an estimation of the investment devoted to webbuilding activities (Higgins 1990 , Sherman 1994 , Vollrath and Samu 1997 , Nakata and Ushimaru 1999 , Venner et al. 2000 . Finally, such a general tool, allowing comparisons at various levels (individual, populations or species), seems powerful enough to help understand global rules in foraging strategies among orb-weaving spiders.
